Four calcium phosphate ceramic coatings, the less soluble hydroxyapatite (HA) coating, the more soluble b-tricalcium phosphate (b-TCP) coating, and two biphasic calcium phosphate (BCP) coatings with HA/b-TCP ratios of 70/30 and 30/70 were fabricated by spraying each corresponding powder onto a titanium substrate at room temperature (RT) in a vacuum, in order to investigate the effect of the HA/b-TCP ratio on the dissolution behavior and the cellular responses of the coating. No secondary phases, except for HA and b-TCP, were observed for the coatings in the X-ray diffraction results. The coating compositions were almost the same as those of the starting powders because the coating was conducted at RT. Microscopic examination of the coatings revealed crack-free and dense microstructures. The BCP coatings exhibited dissolution rates intermediate between those of the pure HA and b-TCP coatings. The dissolution rate of the coatings was largely dependent on their HA/b-TCP ratio. The cell proliferation and differentiation results indicated that the cellular responses of the coatings were not proportional to their dissolution rates. The 3HA-7TCP (HA/b-TCP ratio of 30/70) coating exhibited an optimal dissolution rate for excellent biological performance.
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I. Introduction
C ALCIUM phosphate ceramics (CPCs) have attracted considerable attention as bone substitute materials for biomedical applications due to their excellent biocompatibility, bioactivity, and osteoconductivity. 1, 2 Especially, CPC coatings on metallic implants exhibit the advantages of both metals' high mechanical strength and ceramics' excellent biocompatibility and osteoconductivity, and are therefore suitable for implants in load-bearing applications. 3, 4 They stimulate new bone growth along the implant from the interface in contact with the natural bone tissue and form a strong bond with the bone, resulting in a more rapid and stable fixation of the implant to the surrounding bone tissue. In addition, metal ion release from the metallic implant into the body can be prevented by CPC coatings. 5 A bone-calcium phosphate-coated implant bonding process has been proposed to be initiated with the partial dissolution of the coating and subsequent formation of apatite on the coating surface. 6 The coating can bond to the living bone via this apatite layer. If the dissolution of the coating in the body fluid is too low, intimate bone-implant bonding may take much longer, whereas fast dissolution of the coating can deteriorate the coating. Therefore, it is very important to obtain coatings with an optimum dissolution rate for stable bone-implant bonding. 7 Recently, interest has increased in developing biphasic calcium phosphate (BCP) ceramics consisting of a mixture of the more stable hydroxyapatite (HA) and more soluble tricalcium phosphate [Ca 3 (PO 4 ) 2 , TCP]. [8] [9] [10] [11] BCP has the advantage of allowing the dissolution rate to be controlled by manipulating the HA/ TCP ratio. Furthermore, BCP is soluble and gradually dissolves in the body, stimulating apatite formation at the interface between BCP and the bone as it releases calcium and phosphate ions into the biological medium, and may thereby improve osseointegration. 10 Various methods have been utilized to deposit CPC coatings on metallic implants, such as plasma spraying, 12, 13 sol-gelderived coating, 14 pulsed laser deposition, 15 electrophoretic deposition, 16 and biomimetic coating. 17 Among them, plasma spraying is the most widely accepted method for producing a calcium phosphate, especially HA, coating on metallic implants. 12, 13 It is currently the only method commercially available for HA coatings on dental and orthopedic implants due to its economic efficiency and feasibility for mass production. However, while successful, this technique has several significant limitations, including HA degradation at a high processing temperature (410 000 K) into less stable phases including TCP, tetracalcium phosphate [Ca 4 (PO 4 ) 2 O, TTCP], and CaO. These phases are reported to be detrimental to the coating's chemical stability in physiological fluids. 18 Therefore, it is very difficult to deposit BCP coatings with a precisely controlled composition using plasma spraying. Moreover, thermal stresses are generated in the coating by the subsequent rapid cooling from the high processing temperature, leading to cracking of the coating and a decrease in coating adhesion. 19 Room-temperature powder spray in vacuum (RTPSV), also known as aerosol deposition, is a newly developed deposition technique for making dense ceramic coatings. 20, 21 Solid particles are used as the raw material and the coating layer is formed by the collision of particles onto a substrate. The particles carried by a gas are accelerated by the pressure difference between two vacuum chambers and collided with the substrate. Because the coating is formed at room temperature (RT) without any additional heat source, the starting powder and the resultant coating have the same composition, which enables the coating composition to be precisely controlled by changing the powder composition. 21 Furthermore, this technique can quickly produce crack-free, dense, thin, and thick films ranging in thickness between submicrometer and several hundreds of micrometers. The precise control over the composition and thickness of the coatings renders RTPSV potentially very powerful for depositing thin CPC coatings on metallic implants.
In the present study, the RTPSV method was used to prepare dense and uniform CPC coatings on Ti substrates. We fabricated pure HA, b-TCP coatings, and two types of BCP coatings with different HA/b-TCP ratios. The effect of the coating composition on the dissolution behavior was investigated, and the in vitro biocompatibility and bioactivity of the coatings were also compared among the coatings with different compositions.
II. Experimental Procedure
The starting materials used in the study were commercially available, nanocrystalline HA (Alfa Aesar Co., Ward Hill, MA) and b-TCP (Merck Co., Darmstadt, Germany) powders. The as-received HA and b-TCP powders were heated at 11001C for 1 h in air. The powders were characterized by a laser diffraction particle size analyzer (HELOS/BF, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The average particle size (d 50 ) of the heat-treated HA and b-TCP powders was 2.1 and 2.2 mm, respectively. Two BCP powders of varying HA/b-TCP weight ratios (70/30 and 30/70, designated as 7HA-3TCP and 3HA-7TCP, respectively) were obtained by a simple dry mixing of the heat-treated HA and b-TCP powders in a ball mill, and along with pure HA and pure b-TCP, the four powders were used for the formation of the coatings. The substrates used for the coating deposition were commercially pure, Ti plates with dimensions of 10 mm Â 10 mm Â 0.5 mm. Before coating, the Ti plates were rinsed in distilled water and ultrasonically washed in acetone for 10 min.
The RTPSV method was used to fabricate the CPC coatings on a bare Ti substrate. A schematic diagram of the apparatus is shown in Fig. 1 . 15 The RTPSV apparatus has two vacuum chambers connected to each other by a gas line. The powder particles contained in the powder chamber were mixed with an oxygen carrier gas at a flow rate of 30 L/min, and accelerated by the carrier gas and the pressure difference between the powder and the deposition chambers. The ejected particles from a slittype nozzle with a 10 mm Â 0.5 mm rectangular opening were impacted onto a substrate in the deposition chamber, thereby forming a dense coating layer. During deposition, the pressure in the powder and deposition chambers was 80 kPa and 900 Pa, respectively. Coatings with a thickness of 2 mm on the entire surface of a Ti plate (10 mm Â 10 mm Â 0.5 mm) were obtained by scanning the substrate on a motorized X-Y stage for 24 s.
The crystal structure and phase composition of the powders and coatings were determined using an X-ray diffractometer (XRD, D-MAX 2200, Rigaku Co., Tokyo, Japan). Scanning electron microscopy (JSM-5800, Jeol Co., Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2100F, Jeol Co.) were used to observe the surface and cross-sectional morphologies of the coatings. The mechanically fractured surface of the coating was prepared by breaking a coating on the Ti sample in liquid nitrogen. The preparation of the TEM sample was carried out using a focused ion beam (NOVA 200, FEI Company, Hillsboro, OR).
For the dissolution testing of the coatings, the coating layers on the Ti plate were immersed in a phosphate-buffered saline (PBS, Sigma-Aldrich, Gillingham, U.K.) solution under 371C at pH 5 7.4 for 1, 3, 5, or 10 days, then removed, and the Ca 21 ion concentration dissolved from the coatings was measured using inductively coupled plasma-atomic emission spectroscopy (ICPS-7500, Shimadzu, Kyoto, Japan).
The MC3T3-E1 preosteoblast cells (CRL-2593; ATCC, Manasas, VA) were used to characterize the cell proliferation and differentiation behaviors. The cells were cultured in a-minimum essential medium (a-MEM, Join Bio Innovation, Seoul, Korea) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO BRL, Rockville, MD), 2 mM L-glutamine, 50 IU/mL of penicillin, and 50 mg/mL of streptomycin at 371C in a humidified atmosphere of 5% CO 2 and 95% air. The specimens for the cell tests were 1-mm-thick CPC coatings on Ti plates of dimensions 10 mm Â 10 mm Â 0.5 mm. For the cell proliferation tests, the cells were seeded at a density of 3 Â 10 4 cells/mL on a 24-well plate containing the specimen and placed in a 371C incubator for 5 days. The cells were then washed with PBS solution, placed in culture media containing MTS solution (3-(4,5dimethlythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-zolium, Cell Titer 96 s Aqueous One Solution kit, Promega, Madison, WI), and returned to the 371C incubator for 3 h. Finally, the plate was read at an absorbance of 490 nm using a microplate reader (Model 550; Bio-Rad, Hercules, CA).
For the measurement of the alkaline phosphatase (ALP) activity, the cells were cultured for 10 days, washed with PBS, and detached using trypsin/ethylenediaminetetraacetic acid. After centrifugation, the cell pellets were resuspended in 1% Triton X-100 solution and disrupted by means of a cyclic freezing/thawing process. The amounts of protein in the cell lysates were quantified using a protein assay kit (Bio-Rad) and the ALP activities were assayed colorimetrically using p-nitrophenyl phosphate as the substrates (ALP yellow liquid substrate for ELISA, Sigma, St. Louis, MO). The absorbance of the reaction product, p-nitrophenol, was measured at 405 nm using a microplate reader. 22 The cell proliferation and differentiation tests were performed on five replicate specimens. The mean and standard deviation were derived for each specimen. Statistical analysis was performed using Student's t-test and statistical significance was considered at po0.001.
III. Results and Discussion
The XRD patterns of the powders used for coating and the CPC coatings deposited on the Ti plate, shown in Fig. 2 , confirmed the high purity of both the HA (denoted by ''H'' in the figure; JCPDS Card No. 9-432) and the b-TCP (denoted by ''T''; JCPDS Card No. 70-2065) powders. No crystalline phases other than HA and b-TCP were detected [ Fig. 2(a) ]. Both HA and b-TCP phases were detected in the BCP powders. With increasing b-TCP to HA ratio, the peak intensity of b-TCP increased, indicating a high correlation between the intensity ratio of the major peaks and the weight fractions of the HA and b-TCP phases. The intensity ratio of the major peaks, I H(2 1 1) /I T(0 2 10) , was about 1.96 and 0.53 for 7HA-3TCP and 3HA-7TCP powders, respectively. The XRD patterns of the coatings [Fig. 2(b) ] showed weak and broadened peaks compared with those of the powders shown in Fig. 2(a) . This phenomenon was attributed to the high-energy impact of particles onto the substrate during the coating process, resulting in the formation of coatings with a small crystallite size and poor crystallinity. Particle velocity in various materials during aerosol deposition was reported to be as high as 150-600 m/s. 23 The particle velocity is presumed to be sufficiently high to cause particle breakage into a nanometer scale. Such a nanostructured coating is typical of the RTPSV Fig. 1 . Schematic diagram illustrating the room temperature powder spray in vacuum apparatus. 15 process, irrespective of the material used. 21, [23] [24] [25] The XRD patterns for the coatings exhibited a trend similar to those of the powders according to their compositions [ Fig. 2(b) ]. The peak intensity ratio, I H(2 1 1) /I T(0 2 10) , of the 7HA-3TCP and 3HA-7TCP coatings was about 1.99 and 0.52, respectively, which was almost the same as that of the corresponding powders. This implied that the compositions of the powders and the resultant coatings remained unchanged before and after the coating process. In particular, no secondary phases were observed in the coatings. Although plasma spraying is also a kind of powder spray-coating process, it requires a processing temperature sufficiently high to melt HA powder, leading to the presence in the resultant coating of unexpected phases such as CaO and TTCP, due to the high-temperature HA degradation. 18 Therefore, it is very difficult to control precisely the composition of the coating layer obtained by plasma spraying, whereas the RTPSV process used in the study is a very effective method for the fabrication of coatings with a well-controlled composition. 21 Figure 3 shows the surface morphologies of the coatings with different compositions. All the coatings had similar microstructures, with the surfaces exhibiting a dense microstructure with a relatively rough surface. The deposition rates were almost the same for all the coatings. The microstructure and the deposition behavior of the coatings formed by RTPSV are reported to be largely dependent on the powder characteristics such as particle size and the mechanical properties of the starting powder. 26, 27 The HA and b-TCP powders used for the study belong to the same CPC group, and have a similar particle size and particle size distribution, thereby attaining similar microstructure and deposition behavior among the coatings. Therefore, the BCP coatings were expected to have homogeneous microstructures with a uniform distribution of the HA and b-TCP phases.
The microstructures of the polished surface of the cross section and the surface of the fractured section of the HA coating deposited on the Ti plate are shown in Figs. 4(a) and (b). The coating layer had a uniform thickness of 2 mm and showed a fully dense microstructure without any cracks or pores, as well as good adhesion with the Ti plate. The cross-sectional micro- 
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Effect of HA/b-TCP Ratio on the Biological Performance of CPC Coatings structures of the other three coatings were similar to that of pure HA coating. Figure 4(c) shows the TEM bright-field image and the corresponding selected area electron diffraction (SAED, inset) pattern for the HA coatings. The SAED results confirmed that the microstructure of the HA coating consisted of HA crystallites and an amorphous phase. The HA crystallite size ranged from about 5 to 30 nm. The result was reasonably consistent with the XRD pattern for the HA coating showing the weak and broadened peaks [ Fig. 2(b) ]. The dissolution rate of the coatings according to the composition was measured by recording the concentration of the dissolved Ca 21 ions in the PBS solution during an immersion period. Figure 5 shows the variations of Ca 21 ion concentration in the PBS solution with an immersion time up to 10 days. The concentration of the Ca 21 ions released from the pure HA coating after 10 days of PBS immersion was as low as B0.35 ppm due to the low HA dissolution rate. The dissolution rate of the pure b-TCP coating was greater than that of the HA coating: the dissolved Ca 21 ion concentration was 1.68 ppm after only a 1-day immersion. The BCP coatings showed intermediate dissolution rates between the pure HA and the b-TCP coatings. As the b-TCP content in BCP increased, the dissolution rate of the BCP coating was increased. The dissolution rate of the BCP coatings was dependent on the HA/b-TCP ratio, which is consistent with the previous reports on BCP ceramics. 8, 9 In general, the dissolution behavior of CPCs in PBS solution shows a rapid dissolution rate in the initial stage, which can be attributed to the dissolution process that releases Ca 21 ions into the solution. As the immersion time further increases, the Ca 21 ion concentration decreases by the apatite precipitation process that consumes Ca 21 ions in the solution. The BCP coatings exhibited the above-mentioned typical dissolution profile, as shown in Fig. 5 . However, in the case of the pure b-TCP coating, the Ca 21 ion concentration increased continuously with increasing immersion time. The result can be explained by the significantly high dissolution rate of the b-TCP coating. After 3 days of immersion, apatite crystals started to precipitate on the surface of the b-TCP coating. The dissolution and precipitation processes were presumed to take place concurrently after 3 days of immersion. Although Ca 21 ions in the solution decreased continuously by the precipitation process, an active dissolution process by a high dissolution rate of the b-TCP coating might also release the Ca 21 ions into the solution. Therefore, the dissolution profile of the b-TCP coating can be explained as a competition of dissolution of the b-TCP and the precipitation of newly formed apatite crystals on the surface of the b-TCP coating. A higher dissolution rate of b-TCP coatings, compared with the precipitation rate of the apatite crystals, results in the increase of the Ca ion concentration with increasing immersion time. Figure 6 shows the surface microstructures of the coatings with different compositions after a 3-day PBS solution immer- Figure 7 shows the XRD pattern of the b-TCP coating after immersion in PBS solution for 3 days. After 3 days of immersion, besides b-TCP peaks, HA peaks were detected on the b-TCP coating. Therefore, the precipitates observed on the surfaces of the b-TCP and BCP coatings were presumed to be apatite crystals, which have been initiated by the dissolution of the coatings. The partial dissolution of CPCs in a physiological solution has been reported to increase the Ca 21 and PO 4 3À ion concentrations in the local environment around the ceramics. 6 Accordingly, the supersaturated solution with the Ca 21 and PO 4 3À ions moved those ions onto the surface of the ceramics, leading to the precipitation of the new apatite crystals on the surface. No apatite crystals were formed on the surface of the pure HA coating immersed for 3 days, as shown in Fig. 6(a) , which was attributed to the low dissolution rate of the HA coating. The higher rate of apatite formation was attributed to the higher dissolution rate of the coating. Figure 8 shows the proliferation rates of the MC3T3-E1 cells on bare Ti and CPC coatings after 5 days of culturing as a function of the coating composition. The cell proliferation rates on the CPC coatings, except for 7HA-3TCP, were significantly higher (po0.001) than that on the bare Ti plate. Furthermore, the cells exhibited a higher proliferation rate (po0.001) on the 3HA-7TCP biphasic coating than those on the pure HA coating, possibly due to the higher dissolution rate of the 3HA-7TCP coating. However, on the pure b-TCP coating having the highest dissolution rate, the cells were less proliferated than those on the 3HA-7TCP coating. The ALP activity of the MC3T3-E1 cells on the bare Ti substrate and on the four coatings after being cultured for 10 days, as shown in Fig. 9 , exhibited a behavior similar to that of the proliferation rates. The ALP activity of the MC3T3-E1 cells was greater on the coatings than on the bare Ti. The ALP activity of the 3HA-7TCP coating was the highest among all the specimens and was almost two times higher than that of the pure HA coating. The pure b-TCP coating showed a lower ALP activity than the 3HA-7TCP coating, in line with the proliferation behavior. As a result, the 3HA-7TCP biphasic coating having an intermediate dissolution rate showed the highest cellular responses among all coatings.
The bioactivity of the CPCs in the living body is mainly governed by their dissolution rates. Many studies have examined the dissolution rate control of BCP ceramics by combining the less biodegradable HA with high biodegradable TCP. 9,10,28,29 BCP ceramics exhibited superior biological performance than pure HA or pure TCP. According to Manjubala et al., 28 the dissolution rate of ceramics influences the bone resorption activity of osteoclasts, and an excessively high dissolution rate with pure b-TCP has been reported to inhibit the osteoclast resorption activity due to the release of too much Ca 21 in the body fluid. For the bone-remodeling process, the osteoclast resorption activity is known to be strongly related to the formation of new bone by osteoblasts. 30 Yamada et al. 29 also reported that BCP with an HA/b-TCP ratio of 25/75 was resorbed more extensively by osteoclasts than was the pure b-TCP. They concluded that a very soluble ceramic was not suitable for active resorption by osteoclasts. Thus, the cellular responses of CPCs did not always become extensive with increasing dissolution rate of the ceramics. In the present work, we have conducted dissolution and in vitro tests on pure HA, b-TCP, and biphasic coatings and determined the composition of the coating with an optimal dissolution rate for excellent biological performance. The 3HA-7TCP biphasic coating was confirmed to be the optimal composition for excellent biocompatibility and bioactivity.
IV. Conclusion
The RTPSV method was used to prepare CPC coatings with four compositions: pure HA, pure b-TCP, and two types of BCP coating with different HA/b-TCP ratios (7HA-3TCP and 3HA-7TCP). The dissolution behavior in the PBS solution and the in vitro biological performance of the coatings were investigated as a function of the coating composition. The composition of the starting powders and the resultant coatings remained unchanged. The RTPSV process was deemed to be a very effective method to produce a CPC coating with a well-controlled composition. All the coatings had dense microstructures without any cracks. The solubility of the pure b-TCP coating was higher than that of the pure HA. The BCP coatings showed an intermediate solubility between the pure HA and b-TCP. The cellular responses of the coatings were not proportional to their dissolution rates. The 3HA-7TCP biphasic coating, with an intermediate dissolution rate, exhibited the highest cellular response among the coatings. These results confirmed the importance of depositing the CPC coating with an optimal dissolution rate in order to ensure stable bone-implant bonding. Fig. 9 . Alkaline phosphatase activity of the MC3T3-E1 cells on various coatings after 10 days: Ã po0.001 with respect to bare Ti, ÃÃ po0.001 with respect to the pure HA coating, ÃÃÃ po0.001 with respect to the 3HA-7TCP coating.
